Abstract The effects of temperature and salinity on the survival and development of larval Metapenaeus dalli were investigated in two experiments. First, the effects of four temperatures of 22.6, 25.8, 29.4 and 32.6°C on survival and development time were examined from the Nauplius VI to the Mysis I sub-stage. Survival was significantly lower at 32.6°C than at 22.6 and 25.8°C. Development times differed significantly across all temperatures, decreasing linearly with temperature from 161.5 h at 22.6°C to 74.8 h at 29.4°C then decreased slightly to 71.4 h at 32.6°C. Second, the combined effects of three temperatures (21.4, 26.5 and 29.7°C) and three salinities (30, 35 and 40%) on survival and development were quantified over a 48 h period from the Nauplius VI sub-stage. Only salinity was found to influence survival, with peak survival (77.7%) found to occur at the control salinity (*35%). Any increase or decrease in salinity from this value resulted in a decrease in survival, with the lowest salinity tested (30%) having a significantly negative effect on survival (58.4%) when compared to the control. Only temperature was found to influence the rate of development, with significant increases in development index values being recorded as temperature increased. The recommended conditions for optimal survival and development of M. dalli larvae as determined by this study are, therefore, 25.8°C and 35%.
Introduction
The western school prawn Metapenaeus dalli was once the focus of a small commercial and iconic recreational fishery in the Swan-Canning Estuary in Western Australia (Potter et al. 1986 ). This species is known to complete its life-cycle within this estuary, with maturation and reproduction occurring in water temperatures of *22-26°C and approximately marine salinities (Potter et al. 1986 (Potter et al. , 1989 Broadley et al. 2017 ). However, under continued fishing and environmental pressures a significant decline in M. dalli abundance occurred, leading to a cessation of commercial fishing activities in the 1970s and greatly reduced recreational fishing effort in the late 1990s (Maher 2002) . Despite the reduced fishing pressure, stocks of M. dalli in the SwanCanning Estuary have not recovered naturally (Smith et al. 2007 ). Thus, a restocking program was implemented to bypass the recruitment bottleneck during the early larval stages. As this species had never been cultured before, the development of hatchery techniques were initiated in 2012, with the aim of releasing postlarvae (PL) at sub-stage PL15-20; *25-30 days post-hatch (Jenkins, G. I., Australian Centre for Applied Aquaculture Research, Fremantle, Western Australia, unpublished data).
Successful rearing of penaeid prawn larvae for stocking requires high survival rates to be attained, however, this must be achieved in conjunction with development rates that limit the time larvae spend in the hatchery to reduce operating costs (ASEAN 1978) . Two significant environmental factors that influence the survival and development rates of larval crustaceans are water temperature and salinity (Kinne 1963 (Kinne , 1964 . The complex early life stages of penaeid prawns are considered to be particularly vulnerable to temperature and/or salinity changes, with high mortality occurring during the larval stages under adverse conditions (Anger 2003) . Of the three larval stages Nauplius, Protozoea and Mysis in penaeid prawns, Protozoea stage larvae appear to be the most sensitive to changes in temperature and salinity, and thereby provide an effective proxy for assessing suitable culture conditions for all larval and post-larval life stages (Preston 1985; Zacharia and Kakati 2004) .
Studies of the effects of water temperature and salinity on larval penaeid prawns, have demonstrated that salinity has a greater effect on survival than temperature (e.g. Kumlu et al. 2000 Kumlu et al. , 2001 Zacharia and Kakati 2004; Ch and Shailender 2013) , although increases in mortality are known to occur at relatively high temperatures (Aktas and Cavdar 2012; Jackson and Burford 2003) . In contrast, water temperature has a more pronounced effect on larval development than salinity (Parado-Estepa 1998; Jackson and Burford 2003) , with growth rates only shown to be affected by salinity at brackish ranges (Ponce-Palafox et al. 1997; Kumlu et al. 2000) . Temperature and salinity have also been show to interact, further exacerbating mortality rates when both factors are at the extremes of their ranges (Ponce-Palafox et al. 1997; Kumlu et al. 2000) . For the establishment of rearing protocols, however, it is important to determine the temperature and salinity regime that provides the highest possible development rates without compromising larval survival.
Once preferred water temperatures and salinities for culture are established, they can be used to predict larval survival and growth rates for future planning. This is particularly important in larval stock management from the Protozoea stage, as this is the point at which penaeid larvae switch to exogenous feeding (Dall et al. 1990) . It is at this point that hatchery feeding relies on the expensive cultivation of live feeds such as microalgae, which require planning days in advance to produce . Live zooplankton is often used from the Mysis and early post-larval stages with similar planning requirements (ASEAN 1978; Zacharia and Kakati 2004) . Without predicting survival and development rates, feeding protocols cannot be calibrated, which may result in increased cultivation costs for live foods and potential negative effects on water quality as a result of over or under feeding.
The purpose of this study was to determine the effects of culture temperature and salinity on M. dalli Protozoea stage larvae, acting as proxy for all larval developmental stages, in an effort to maximize survival and optimize development rates for the purpose of increasing the number of hatchery-reared M. dalli postlarvae that can be restocked into the Swan-Canning Estuary.
Materials and methods

Broodstock collection
Female M. dalli were collected at night from the Swan-Canning Estuary in Perth (31°56 0 50 00 S 115°54 0 58 00 E), south-western Australia from December 2014 to March 2015, using a hand trawl net that was 1.5 m high, 4 m wide and constructed from 9 mm mesh. Water temperature and salinity during brood stock collection were recorded with a YSI 556 Handheld Multiparameter Instrument (http://www.ysi.com), with temperature and salinity ranges of 22. 8-26.6°C and 34.2-35 .7% recorded over the course of this study. Maturity was determined as per descriptions by Tuma (1967) and Crisp et al. (2017) , with mature prawns immediately transported to the aquaculture facility and placed in aerated holding tanks overnight (ASEAN 1978) . Females were then stocked into 300 L conical base spawning tanks at a density of up to 40 per tank for two to four days. The tanks were filled with seawater at a salinity of *35% drawn from a bore sunk through limestone rock, accessing near-shore marine water, and aerated constantly and maintained at a temperature of *26°C, to approximate conditions in the Swan-Canning Estuary at the time and place of capture. The base of each broodstock tank was fitted with a fine grate that allowed eggs to pass through, separating them from broodstock to prevent any potential cannibalism. Broodstock spawned naturally within 48 h of capture without eyestalk ablation. After spawning, eggs were collected on 48 and 63 lm screens and rinsed, sub-sampled for counting and re-suspended in 300 L of filtered (1 lm) seawater, under constant aeration. Egg quality was assessed by hatch rate, with a value of [75% survival post-hatch considered suitable for use in the study (ASEAN 1978) .
Larval rearing system
After spawning, hatched larvae were held until they had entered into the Nauplius (henceforth denoted as 'N') VI sub-stage at *48 h post-hatch. Morphological characters of each larval sub-stage were identified as per Fig. 1 and Crisp et al. (2016) . Briefly, N VI larvae were identified as having two pairs of antennae, mandibles, an eyespot and a posterior end with two groups of spines with three plumose spines and three naked spines each. Protozoea sub-stages (PZ I, II and III) were defined as having a cephalothorax, abdomen and telson, with eye stalks appearing from PZ II and two pairs of rudimentary uropods from PZIII. Mysis I sub stage (M I) exhibits a dorsal spine as a precursor to the rostrum and a tail fan with a telson and two pairs of uropods almost fully formed.
Once larvae reached N VI, they were harvested and stocked at a density of 250 larvae L -1 (D'Souza and Kelly 2000) into 6 L flat bottom cylindrical glass culture vessels containing 4 L of 1 lm filtered seawater. Once larvae were stocked, experimental salinities and water temperatures were acclimated by lowering or increasing the salinity/temperature at a rate of 1% or 1°C per 15 min, respectively. Salinity was adjusted by adding dechlorinated municipal supply water or hypersaline (60%) sea water (Instant Ocean, USA), as per methods modified from Kumlu et al. (2000 Kumlu et al. ( , 2001 , while water temperature was adjusted by applying either heated or chilled water to water baths until target temperatures were reached. Water temperature for each experiment was maintained by housing culture vessels in 115 L temperature-controlled water baths, heated with pre-calibrated Eheim Jager 150 W aquarium water heaters and monitored with Thermocron TCS temperature loggers every 10 min. A constant salinity was maintained in the culture vessels and monitored daily using an ATAGO PAL-03S digital refractometer. Vessels were exposed to 3.5 lmol photons m -2 s -1 white light with 12:12 h light:dark photoperiod. The larval cultures were aerated from the base to provide vertical mixing as well as oxygenation.
Feed cultivation
Larval M. dalli were fed a diet comprising two microalgae species obtained from the Australian National Algal Culture Collection held by the Commonwealth Scientific and Industrial Research Organization (CSIRO) in Hobart, Tasmania. The chlorophyte Tetraselmis suecica (CSIRO strain number CS-187) and the diatom Chaetoceros muelleri (CSIRO strain number CS-176) were maintained in batch cultures under 14:10 h light:dark photoperiod with 180 lmol photons m -2 s -1 white fluorescent light, in 15 L culture vessels with ambient salinity (*35%) and temperature (*25°C). Each species was cultured in Guillard's F2 medium, with sodium metasilicate added at 30 g L -1 to the C. muelleri (Ryther and Guillard 1962) . To avoid carbon limitation, food grade CO 2 was injected to maintain a pH of 7.4-7.7.
Feeding larvae
Larval feed in culture vessels was maintained daily at 3 9 10 4 cells mL -1 of T. suecica and 9 9 10 4 cells mL -1 of C. muelleri, as per feeding protocols used by the Australian Centre for Applied Aquaculture Research (Jenkins, G. I., Australian Centre for Applied Aquaculture Research, Fremantle, Western Australia, unpublished data). These species were used in a previous study of larval M. dalli by Crisp et al. (2016) and Farfantepenaeus brasiliensis Gaxiola et al. (2010) at similar feeding concentration for similar life stages. Feed intake was measured by counting residual cells of each microalgae species in larval culture vessels using a Neubauer haemocytometer, then replacing feed that had been consumed. Water in the culture vessels was topped up to 6 L daily with a combination of microalgal feed and fresh seawater, with no greater than 10% of culture water exchanged per day. Gut contents of the larvae were also briefly examined under a dissecting microscope to confirm that the algal cells were being ingested (D'Souza and Loneragan 1999). Fig. 1 Representation of the larval life-cycle of penaeid and metapenaeid prawns post hatching from nauplii stages I to VI, through protozoea stages I to III and on to mysis stages I to II (Motoh 1985) Experimental design
Effect of temperature
The influence of four nominal water temperatures, i.e. 23, 26, 29 and 32°C in the laboratory at a constant salinity of 35%, were assessed on the development time (h) and percentage survival of larval M. dalli from N VI, through the protozoal stage (PZ I, II and III) to the Mysis I sub stage (M I). Six replicate culture vessels were used for each of the four temperatures. Development time was calculated as the time taken for 50% of the larvae in each vessel to reach the M I stage. Single 200 mL sub-samples were taken every 12 h from each vessel and each larva staged according to the descriptions in Crisp et al. (2016) and Fig. 1 . When M I staged larvae were first observed, each vessel was then sub-sampled every 0.5-1 h. All sampled larvae were carefully returned to the vessels. Once each vessel was found to contain 50% of animals at the M I stage, time was recorded and triplicate 200 mL samples were taken and fixed in 5% tetraborate-buffered formaldehyde solution. All whole larvae that were fixed were assumed to be live at the time of fixation, as larvae are known to be rapidly decomposed by bacteria. Samples were then analyzed for rates of survival by recording the number of whole fixed individuals in each sample and comparing to the initial stocking rate of larvae. This method of determining survival was repeated for the second experiment.
Combined effects of temperature and salinity
The combined effects of three nominal water temperatures, i.e. 23, 26 and 29°C, and three nominal salinities, i.e. 30, 35 and 40%, on the development and survival of M. dalli larvae were quantified in a 3 9 3 fully factorial design over a 48 h period, after the temperature experiment was run. Each combination of salinity and temperature was conducted in two vessels per run, with an average of the vessels used to create a replicate value of each treatment regime. The experiment was run three times, creating three replicates for each treatment. Each run commenced from the N VI larval sub-stage, running for a fixed period of 48 h. This time period was chosen to examine the acute combined effects of temperature and salinity on the Protozoea stage of development and was informed by the results of the temperature experiment.
After 48 h, all culture vessels were sampled via triplicate 200 mL sub-samples and fixed with 5% tetraborate-buffered formaldehyde, from which survival was determined and the metamorphic sub-stage for each larva was recorded. A development index was calculated for each sub-sample based on that described by Villegas and Kanazawa (1979) and Gaxiola et al. (2010) . Each larvae counted was assigned a value for its developmental sub-stage, where PZ I = 1, PZ II = 2 and PZ III = 3. A development index was then calculated, for each sub-sample, by multiplying the sub-stage value (i.e. 1, 2, or 3) by the number of larvae counted at that sub-stage. The product of each sub-stage is then added together then divided by the total number of larvae staged.
Development Index = sum (number of larvae at that stage 9 stage value)/total number larvae staged. The more larvae there are at higher stage numbers, the larger the index.
Statistical analysis
Effect of temperature
Analysis of the percentage values for survival indicated that data ranged both [80 and \20%. As a result this data was subjected to an arcsine square-root transformation as per Field (2009) . To determine whether a transformation of the development data was required, the extent of the linear relationship between the log e mean and log e standard deviation of development time was calculated. Examination of the slope of the linear relationship indicated that a square-root transformation was necessary to meet test assumptions of homogeneity of variance, as per Clarke et al. (2014) . Both survival and development time were analyzed separately using a one-way analysis of variance (ANOVA). When ANOVA detected a significant difference among temperatures, post hoc tests were conducted using Tukey's HSD to elucidate the pairs of temperature that were responsible for each of those differences. In this and all tests, a null hypothesis of no significant difference between a priori groups was rejected when p \ 0.05.
Combined effects of temperature and salinity
Analysis of the percentage survival data indicated that there were values [80%, but not \20%. As a result, a square-root transformation of the data was performed as per Field (2009) . Analysis of the relationship between the log e mean and log e standard deviation of the development index data indicated that no data transformation was required (Clarke et al. 2014) . Separate two-way ANOVAs were used to determine whether development index and survival were affected by temperature and/or salinity, or the interaction term. Both factors were considered fixed. If a significant difference in any factor and/or interaction term was detected, post hoc analysis was conducted using Tukey's HSD.
All statistical analyses were conducted using SPSS version 22 software (IBM Corp.) . Values for all results are given as mean ± 95% CL.
Results
Effect of temperature
Mean water temperatures achieved for the nominal temperatures of 23, 26, 29 and 32°C were 22.6 ± 0.2, 25.8 ± 0.3, 29.4 ± 0.4 and 32.6 ± 0.4°C, respectively. One-way ANOVA demonstrated that the percentage survival of M. dalli larvae differed significantly among temperatures (p \ 0.001). Survival rates were greatest at 25.8 and 22.6°C, i.e. 73.0 ± 17.8 and 66.7 ± 12.4%, respectively, and lowest at the highest temperature of 32.6°C, i.e. 26.3 ± 12.4% (Fig. 2) . Time taken for M. dalli larvae to develop from N VI to M I differed significantly among temperatures (p \ 0.001). Development time decreased markedly from 161.5 ± 0.9 h at 22.6°C to 74.8 ± 0.3 h at 29.4°C, but only decreased marginally to 71.4 ± 0.1 h at 32.6°C (Fig. 3) .
Combined effects of temperature and salinity
Mean water temperatures achieved for each of the three nominal temperatures tested (23, 26 and 29°C) were 21.4 ± 0.3, 26.5 ± 0.2 and 29.7 ± 0.4°C, respectively, with the salinities obtained consistent with nominal salinities (30, 35 and 40%). Two-way ANOVA showed no interacting effect of temperature and salinity on either survival (p = 0.480) or development rate (p = 0.906) of M. dalli larvae over a 48 h culture period. There were, however, two significant main effects, presented below. First, salinity had a significant effect on larval survival (p = 0.010), but not temperature (p = 0.570). Salinity of 35% was found to be the best for survival, resulting in a survival of 77.7 ± 5.0%. This survival was significantly higher than that measured at 30% (58.4 ± 8.4%). Survival at 40% (68.4 ± 7.8%) was not significantly different from either of the other two salinities (Fig. 4) . Second, the reverse was found for larval development such that temperature had a significant effect (p \ 0.001), but not salinity (p = 0.774). Development of larvae was significantly different Fig. 2 Mean percentage survival (±95% CL) of Metapenaeus dalli larvae during development from Nauplius VI to Mysis I at four different water temperatures. Letters above error bars denote groups of samples identified by Tukey's HSD at all three temperatures. A stepwise increase in development rate occurred from the lowest temperature (1.01 ± 0) to the highest (2.61 ± 0.05), with some larvae observed reaching a peak development of PZ III in the highest two temperatures tested (Fig. 5) . In this study, a significant negative impact on survival was detected at the highest temperature tested of 32.6°C, but not at any other temperature tested, though there appeared to be reduced survival at 29.4°C. This result is supported by a study by Kumlu et al. (2000) , where temperatures above 30°C were found to increase mortality in larval Penaeus semisulcatus. Furthermore, preliminary findings by Ponce-Palafox et al. (1997) on larval Litopenaeus vannamei demonstrated that temperatures above 30°C, with similar salinities to those used in this study, appeared to have a negative effect on survival. The consistency of these results across larval penaeid prawns may indicate there is an upper thermal limit to their biochemical processes.
Results of this study demonstrate that the time taken by M. dalli to develop from N VI to M I differ significantly among temperatures. Rapid sequential decreases in development time to M I occurred between temperatures of 22.6 and 29.4°C, with only a marginal decrease in development time at the highest temperature of 32.6°C. These results are consistent with that of larval P. semisulcatus (Jackson and Burford 2003) and Penaeus monodon (Parado-Estepa 1998), where no significant difference was found in development rates between water temperatures of 29 and 32°C during the Protozoea stages.
For commercially cultured crustacean larvae, the effect of water temperatures on larval growth rates are often incorporated into planning tools, such as degree-hours or degree-days calculations (Kittaka et al. 2001 (Kittaka et al. , 2002 Gendron and Ouellet 2009) , which are used to determine larval duration under various temperatures from spawning to post-larval metamorphosis (Roberts et al. 2012) . This allows for the determination of potential feed requirements, which is a particularly important factor in larval culture where forward planning is required for the cultivation of live foods (Stevens 1990 ). When applied to the temperature ranges tested, it can be assumed that culture temperature should be maintained between 25.8 and 29.4°C provided high survival of larvae can be achieved. Reducing temperature by *3°C would increase development time by [2 days and thus feed and resource allocation requirements and increasing temperature by *6°C would increase mortality.
Combined effects of temperature and salinity Salinity significantly affected survival, while temperature significantly affected the rate of development of larval M. dalli, without any interacting effects in the ranges tested. Unlike in the current study, interacting effects of temperature and salinity on survival have been found in other species such as P. semisulcatus Burford 2003) and L. vannamei (Ponce-Palafox et al. 1997) . However, the results of the current study are consistent with these previous studies when similar temperatures and salinities were compared. In addition, any variation in salinity from 35% had an apparent negative effect on survival, with a 5% decrease having a greater effect than a 5% increase; noting that the increase in salinity to 40% did not significantly affect survival from that obtained at 35%. This compares well with the effects of salinity on larval Metapenaeus bennettae (Preston 1985) and larval Penaeus merguiensis (Zacharia and Kakati 2004) . However, these results contrast with those obtained for juvenile L. vannamei and larval P. semisulcatus, where although temperature was the primary factor in determining growth rates, salinities far lower than those used in the current study were also found to negatively impact on growth as well as survival (Ponce-Palafox et al. 1997; Kumlu et al. 2000) . It may be the case that the energetic demands of osmoregulation under extreme conditions are greater than can be replenished by the larvae. It is only when the extreme ranges are tested that salinity and temperature appeared to interact, placing a combined burden on the energetic reserves of the larvae (Anger 2003) .
Finally, the preferred temperatures (25.8 and 29.4°C) and salinity (35%) determined by this study appear to relate well to the natural spawning environments in the Swan-Canning Estuary, from which broodstock were obtained. Wild M. dalli are known to spawn in the middle and lower Swan-Canning Estuary during spring and summer, where the salinity in the river system is 35-38% and water temperature is 26-28°C (Potter et al. 1986) , indicating a close relationship between preferred larval hatchery conditions and those expected to influence larvae in the natural population. This relationship appears to be in line with findings on M. bennettae, where the water temperatures found where broodstock were obtained, appeared to be the most suitable for larval culture in terms of survival (Preston 1985) .
Conclusion
From this study, the most appropriate temperature and salinity to be used in the cultivation of M. dalli larvae were 25.8°C and 35%. It is also clear that any increase in temperature and/or variation in salinity may have a negative impact on survival. However, for short-term gains in growth rate, culture temperatures may be increased, providing they remain below 30°C as this increase has a negligible effect on survival. Using this information, further research into the nutritional requirements of this species may now be conducted under ideal abiotic rearing conditions.
